Replicating normal anatomy of the shoulder is an important principle in the arthroplasty of the shoulder joint. A change in the thickness of the humeral head by 5 mm or more could tighten the capsule and cuff and reduce the range of motion of the shoulder by 23° to 30°.[@B1] Inferior malposition of the humeral head by 4 mm or more could lead to an increase in subacromial contact, and malposition in any direction by 8 mm could result in a significant decrease in passive range of motion of the shoulder.[@B2] Also, it is thought that a more anatomic reconstruction will better facilitate optimal function after total shoulder arthroplasty.[@B3][@B4][@B5]

Identifying normal anatomy and pathologic changes is the first step in developing a strategy for replicating normal geometry in shoulder arthroplasty. Accurate measurement of sizes of the prostheses to be inserted is at the basis of this step. It is not easy, however, to preoperatively measure or determine the exact size of the prosthetic stem and head that will fit normal anatomy by using the conventional two-dimensional (2D) templating on plain X-rays. The three-dimensional (3D) images of the native humerus and prostheses may be useful in selecting the proper size for restoring normal anatomy.

Therefore, the hypothesis of this study was that 3D templating would accurately replicate normal anatomy of the proximal humerus in total shoulder arthroplasty. A computerized 3D reconstruction program was used in preoperative planning and radiologic results after the surgery were evaluated to test this hypothesis.

METHODS
=======

This study was conducted in accordance with the ethical guidelines of the Declaration of Helsinki. The protocol was reviewed and approved by the Institutional Review Board of St. Vincent Hospital (IRB No. VC11RISE0226). Informed consent was waived for the retrospective design.

Ten patients who underwent total shoulder arthroplasty using 3D templating preoperatively were enrolled in this study. There were four men and six women with a mean age of 64.6 years (range, 51--81 years). They were followed up for an average of 25.3 months (range, 15--33 months), and plain radiographs of the shoulder of these patients were reviewed. Except one patient with avascular necrosis of the humeral head, all patients (n = 9) had primary osteoarthritis. Single experienced surgeon (JJ) did all the operations. A specialized computer program developed for surgical simulation in shoulder arthroplasty (CCF Surgical Planner, Cleveland, OH, USA) was used to reconstruct the 3D images of the shoulder from DICOM files of the computed tomography (CT) images (images of 1 mm axial cut and B60 reconstruction kernel). The 3D images of various sizes of prostheses (Global Advantage; DePuy, Warsaw, IN, USA) were included in the computer program and were used as the template in the surgical planning of shoulder arthroplasty ([Fig. 1](#F1){ref-type="fig"}). Proper sizes and positions of the prostheses were selected by applying 3D images of the prostheses to the reconstructed 3D images of the shoulder. The size of glenoid was considered proper if 100% of the glenoid prosthesis was supported by underlying subchondral bone and the peg of the glenoid implant was within the glenoid cavity. The humeral head size was defined as the radius of a circle best-fitting the native humeral head or prosthetic head. The humeral head thickness was defined as the longest distance between the head surface and the anatomic neck plane. The tuberosity-to-humeral head distance was defined as the distance between the most superior point on the greater tuberosity and the most superior point of the humeral head ([Fig. 2](#F2){ref-type="fig"}). The proper stem size was determined as the largest stem whose distal one-third matched the inner diameter of the corresponding medullary canal. In the surgical field, the largest reamer size that contacts the inner cortex of midshaft of the humerus was considered the right size to be used. The sizes of the glenoid, humeral head, and stem measured on 3D templating were compared with those used in actual operation. Anatomical parameters, such as humeral head size, glenoid component size, radius of curvature, and greater tuberosity to humeral head distance of the replaced shoulder were measured and compared with those of the contralateral normal shoulder in plain radiographs ([Fig. 3](#F3){ref-type="fig"}). We used the Mann-Whitney test to compare these parameters between the normal side and the operated side because of the relatively small sample size. For statistical analysis, R software ver. 3.6.0 (R Foundation, Vienna, Austria) was used with *p*-values less than 0.05 considered to reveal statistically significant difference. The accuracy of measuring details of the humerus by the computer program used in this study has already been proved in previous studies.[@B6][@B7]

RESULTS
=======

The rate of agreement was high between the 3D templating results and the actual size of implanted prostheses. On the glenoid size, the templated prosthesis matched the implanted prosthesis in 100% of the cases. With regard to glenoid type, eccentric and centric classification matched in 80% of the cases, but the detail of arc size was slightly different between the 3D templating results and actual prostheses. Humeral head size also showed 100% match between templating and intraoperative results. In three cases (H--J), humeral heads with sizes smaller than the initial sizes (parentheses in [Table 1](#T1){ref-type="table"}) were selected during templating because the humeral head of the prosthesis could not be bigger than the glenoid. This expectation was consistent with intraoperative findings. Also, the humeral head thickness of the implanted prosthesis matched templating results in 70% of the cases, and the agreement rate was 80% for the humerus stem size.

The radiologic parameters on X-ray performed after total shoulder arthroplasty showed successful anatomical restoration. The difference between the operated side and contralateral side regarding the humeral head size, radius of curvature, and greater tuberosity to humeral head distance was 1.31 mm, 0.87 mm, and 1.17 mm, respectively (*p* = 0.65, *p* = 0.94, and *p* = 0.65, respectively) ([Table 2](#T2){ref-type="table"}).

DISCUSSION
==========

Anatomical variations in normal shoulders are not rare.[@B8] Approximately 20% of normal shoulders have an excessive valgus or varus neck-shaft angle of the proximal humerus (below 130° or above 140°).[@B9] In other words, one in five patients may have excessive anatomical variations, which needs to be considered in surgical planning. A mismatch between the resected humeral head and the prosthetic head to be implanted is not uncommon in real situation. This is especially true in shoulders with excessive variations because inventories of prostheses are not enough to accommodate all the instances. Therefore, accurate preoperative planning or templating is important for proper size selection of prostheses, and in cases where the proper size is not available, surgical modifications should be made to overcome these mismatches.

In 2D templating---the conventional method used to preoperatively estimate the size of prostheses to be implanted---a transparent plastic plate with figures of various sizes of prostheses is superimposed on radiographs of the shoulder. However, it is not easy to measure 3D structures or to select the best-fit prosthesis by using a 2D template on 2D radiographs, which can result in a mismatch between the preoperative and postoperative sizes.[@B10]

Also, because the range of prosthesis size is limited, surgeons sometimes have to perform additional bone cutting of the humeral neck or use a larger humeral component than the patient\'s anatomical size. In the current study, the sizes of the implant predicted preoperatively by using 3D templating corresponded with the sizes of the implant actually placed in surgery in more than 70% of the cases. In particular, the prediction was 100% accurate for the glenoid component. Because the humeral head component should not be bigger than the glenoid component in total shoulder arthroplasty, surgeons occasionally fit the size of humeral component to that of the glenoid implant. This narrows the choice for adequate prostheses particularly among Asian patients because of their small glenoid size. We estimated the size of glenoid prosthesis by using 3D templating before surgery and achieved 100% concordance with the actual size. This led to the high agreement rate between the planned size and actual size of the humeral head component. Still, there was size mismatch of the humeral head between the templating results and real prosthesis in 30% of the cases; we assumed this may be from intraoperative variations such as errors in cutting accuracy and insertion angle of the stem.

The difference in humeral head size, radius of curvature, and greater tuberosity to humeral head distance between the operated side and contralateral side was 1.31 mm, 0.87 mm, and 1.17 mm, respectively. There was no statistical significance in these differences, which means anatomical restoration was accomplished. Saifi et al.[@B11] compared the 3D templated size and implanted glenoid component size and reported that surgeons tended to select a bigger implant than the templating component. Scalise et al.[@B12] found that 3D image planning overestimated glenoid component size. In spite of different opinions, both studies suggested preoperative 3D image planning may help surgeons to decide optimal prosthesis size and position. In the current study, we also found that 3D templating allowed surgeons to predict the optimal size of component. When there is no proper size of implant, preoperative 3D planning may inspire surgeons to change the plan to optimize the fitness of the implant by changing the humeral neck cutting angle or position.

This 3D templating can be particularly useful for patients with a neck-shaft angle beyond normal range. In patients with a varus neck-shaft angle under 130°, an osteotomy can be made at the superolateral point in an inferomedial direction, avoiding the injury of greater tuberosity or rotator cuff while saving the medial aspect of humeral head. In case of an excessive valgus neck-shaft angle over 140°, the superolateral portion of humeral head should be remained during osteotomy for anatomical reduction. Several studies already discussed the biomechanical and clinical results related to anatomical reduction after total shoulder arthroplasty,[@B13] and several revised prostheses have been launched recently to facilitate anatomical reconstruction. These state-of-the-art prostheses allow for manipulation of the rotation and neck-shaft angle in response to anatomical variations of humeri. However, in some countries, these improved prostheses are not available, so surgeons have no choice but to use the fixed neck-shaft angle prostheses, which highlights the importance of accurate preoperative planning. In this case, 3D templating may be of significant assistance for anatomical reduction in total shoulder arthroplasty.

One of several limitations of this study is the small number of enrolled cases. In addition, the preoperative and postoperative radiographs used for evaluating anatomical parameters were not in the exact same plane, and this may have also caused some errors. Most contralateral humeri showed osteoarthritic changes, and this could have caused some limitation in measuring and comparing anatomical parameters. The computer program used for this study is not open to public yet, which makes it difficult to apply in general. Finally, we did not evaluate the relevance of this radiographic results to clinical outcome and to those in other studies.

In total shoulder arthroplasty, 3D templating seems to enable accurate prediction of sizes of prostheses to be inserted and replication of normal anatomy. Therefore, 3D templating and simulation program can be useful to avoid errors in reconstruction of normal anatomy of the shoulder during prosthetic joint replacement.
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![Computer program for three-dimensional (3D) templating. The 3D images of prostheses in various sizes are used as a template in the surgical planning of shoulder arthroplasty.](cios-12-232-g001){#F1}

![Anatomical parameters. a: humeral head size, b: radius of curvature, c: greater tuberosity to humeral head distance, AN: anatomical neck.](cios-12-232-g002){#F2}

![Anatomical parameters are compared between the replaced shoulder (A) and the contralateral normal shoulder (B) a: humeral head size, b: radius of curvature, c: greater tuberosity to humeral head distance.](cios-12-232-g003){#F3}

###### Three-Dimensional Templating Results and Actual Prosthesis Sizes

![](cios-12-232-i001)

  Case     Templated size   Actual prosthesis size                                              
  -------- ---------------- ------------------------ --------- ---- ---- ---- ------- ---- ---- ----
  A        48               C                        48        21   14   48   E2      48   21   14
  B        44               C                        44        18   10   44   C       44   18   10
  C        48               E5                       48        18   14   48   E       48   21   14
  D        52               E5                       52        21   12   52   E       52   21   12
  E        44               E11                      44        18   12   44   C       44   21   12
  F        48               E12                      48        18   12   48   E10     48   18   12
  G        44               E10                      44        18   12   44   E10.5   44   18   12
  H^†,‡^   48               C                        48 (52)   21   14   48   C       48   21   12
  I^†,‡^   44               E2                       44 (48)   18   12   44   E10     44   18   10
  J^†^     40               C                        40 (44)   21   10   40   C       40   18   10

HH: humeral head.

^\*^Glenoid type: C, centric type glenoid implant; E5, eccentric type glenoid implant with 5 o\'clock position (the number indicates the position of the hour hand of a clock). ^†^The templated size of the humeral head was smaller than the ideal size (numbers in parentheses indicate the ideal size of the glenoid implant after three-dimensional templating) because of the small glenoid size. ^‡^The actual stem size was different from the templated size.

###### Radiological Difference between the Contralateral Side and Operated Side

![](cios-12-232-i002)

  Variable   Difference (mm)   *p*-value
  ---------- ----------------- -----------
  HH size    1.31 ± 1.09       0.65
  ROC        0.87 ± 0.69       0.94
  GT-HH      1.71 ± 1.43       0.65

Values are presented as mean ± standard deviation. The average of absolute difference was calculated.

HH: humeral head, ROC: radius of curvature, GT-HH: greater tuberosity to humeral head distance.
